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For  deep  geological  disposal  of high-level  radioactive  waste  (HLW)  in granite,  the temperature  on  the
HLW  canisters  is commonly  designed  to be lower  than 100 ◦C.  This criterion  dictates  the  dimension  of
the  repository.  Based  on  the  concept  of  HLW  disposal  in  vertical  boreholes,  thermal  process  in the  near
ﬁeld  (host  rock  and  buffer)  surrounding  HLW  canisters  has  been  simulated  by  using  different  methods.eywords:
igh-level radioactive waste (HLW)
ertical disposal
ngineered barrier system (EBS)
hermal conductivity properties
The  results  are  drawn  as follows:  (a)  the  initial  heat power  of  HLW  canisters  is the  most  important  and
sensitive  parameter  for evolution  of  temperature  ﬁeld;  (b) the  thermal  properties  and  variations  of  the
host  rock,  the  engineered  buffer,  and possible  gaps  between  canister  and  buffer  and  host  rock  are  the
additional  key factors  governing  the  heat transformation;  (c)  the  gaps  width  and  the  ﬁlling  by  water  or
air  determine  the  temperature  offsets  between  them.
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. Introduction
In most of the concepts for deep geological disposal of high-
evel radioactive waste (HLW), which have been proposed by many
ountries (such as Sweden, Finland, and China), the potential repos-
tories will be built in depths between −300 m and −1000 m under
he ground surface. The decay heat emission from the disposed
LW canisters will be transferred to the surrounding buffer and
ost rock formation, resulting in high temperatures in the near
eld. The thermal process and the resultant temperature ﬁeld are
etermined by the decay heat emission of the HLW, the initial
hermal conditions and the thermal properties of the engineered
arrier system (EBS) and host rock, possible gaps in the EBS, and
he repository layout, etc.
For disposal of HLW in granite formations, the temperature on
he canister surface is set to be less than 100 ◦C in the reposi-
ory (Hokmark and Falth, 2003; Kari, 2006; Zhao et al., 2009). The
aximum temperature is a criterion dictating the dimension of a∗ Corresponding author. Tel.: +86 13521800390.
E-mail address: hgz72@sohu.com (H.G. Zhao).
eer review under responsibility of Institute of Rock and Soil Mechanics, Chinese
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epository. The deep repository will basically contain thousands
f heat-generating canisters. In order to keep the canister surface
emperatures below that limit, the spacing between nearby can-
sters cannot be arbitrarily small. On the other hand, that spacing
ust be kept at a minimum value in order to limit the extension
f the repository such that it can be accommodated within the
iven rock volume. This means that it is necessary to derive reli-
ble relations that shall show how the canister surface temperature
epends on the canister power, on the thermal resistance between
anister, buffer and host rock, on the canister spacing, and on the
hermal properties of the buffer and host rock. Consequently, the
tudies of thermal conductivity properties and temperature evalu-
tion of repository are necessary for the design of long-term safety
f HLW repositories.
. Concept model of HLW repository
This paper aims to analyze the thermal process in the near ﬁeld
f HLW vertical disposal boreholes, which will be excavated verti-
ally from horizontal tunnels in granite. The vitriﬁed HLW canisters
re disposed of in vertical holes in the horizontal tunnels. Fig. 1
hows the principal layout of the repository consisting of four paral-
el panels. Each panel has a central tunnel area, whose width is 60 m
easured from canister centers. In one panel there are 300 tunnel
airs, the length of each tunnel pair is 900 m,  and the distance is
.5 m between each tunnel pair. Each tunnel pair can dispose of 80
anisters, and the distance between canisters is 9.5 m.  Totally there
re 82,630 canisters (Pan and Qian, 2009). In the designed concept,
he repository is set at the depth of −500 m (Zhao et al., 2007, 2009;
hao, 2013).
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. Concept model of EBS
In the designed concept, vitriﬁed HLW will be conﬁned in low
arbon–steel canisters. The cylindrical canisters have a size of
20 mm in diameter and 1790 mm in length. They will be disposed
f in vertical boreholes with a diameter of 1920 mm and 4310 mm
n length. The space between canister and borehole wall will be
ackﬁlled with compacted bentonite, and the thickness of ben-
onite between canister and host rock is 500 mm.  Fig. 2 shows
chematically the EBS concept for the HLW disposal in vertical
oreholes. The previous studies of EBS concept and performance
ssessment show that the bentonite thickness between 350 mm
nd 700 mm has the similar function to retard nuclides transporta-
ion under the condition of the canister being destroyed (Lennart,
002). Considering manufacturing and installation tolerances, a
learance (gap) of r = 5 mm between the canister and the buffer
nd r = 40 mm between the buffer and the rock wall are assumed
o exist (Table 1 and Fig. 2). So the remaining bentonite thickness
etween the canister and the host rock is 500 mm.  The inner gap
PCross sectio n A- A
f HLW repository.
etween the canister and buffer will probably stay dry for a while
ue to the high temperature at the canister surface. In contrast, the
uter gap between the buffer and rock will be ﬁlled with water in a
elatively short time due to the connection with the saturated host
ock. Initially during installation the outer gap is artiﬁcially wetted
Kunz et al., 2006, 2009, 2011; Zhao et al., 2009).
. Decay heat of HLW
The decay heat is a strongly decreasing phenomenon, for exam-
le, the decay heat is only a half of the total amount after 50 years.
ig. 3 shows decay power of vitriﬁed HLW, which is based on the
RIGEN2 and ORIGEN-S calculations. Reasonable decay heat level
s reached in 30–50 years cooling time depending on the burn-up
alue of the fuel (Heikki, 2005). The decay power is presented by a
um of exponential terms: = P1
N∑
i=1
aie
(t1−t)/ti (1)
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Table  1
Parameters of the designed EBS.
Tunnel diameter (mm)  Diameter of disposal hole (mm) Height of disposal hole (mm)  Canister diameter (mm) Canister height (mm)
3000 1920 4310 820 1810
Top  bentonite thickness (mm)  Bottom bentonite
thickness (mm)
Annulus bentonite
thickness (mm)
Void between canister
and bentonite (mm)
Void between
bentonite and rock
500 + 1500 500 500 
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here P1 is the power at the ﬁrst time t1 (t1 = 10 years is chosen
or vitriﬁed HLW), ti is the random time point during the long-term
isposal phase, and ai is a coefﬁcient corresponding to the actual
ime point ti. Here ai takes different values for fuel of different ages
or a selected time period of 10–10,000 years.
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. Thermal properties of host rock and buffer materials
The initial rock temperature in a potential repository is taken
rom in situ measurement in the borehole at preselected Beishan
rea.
The thermal conductivities of the host rock and buffer materi-
ls are determined on the core samples drilled from the Beishan
ranite and the compacted Gaomiaozi bentonite which is being
nvestigated as a buffer material. According to the concept design
f the canister, the canister material is low carbon–steel. Its ther-
al  conductivity is constant generally under the condition of low
nd intermediate temperature. A very low effective conductiv-
ty of air gap between canister and bentonite is assumed to be
.094 W/(m K). The effective conductivity of 40 mm water-ﬁlled
ap between bentonite and rock must be relatively higher and takes
 value of 0.62 W/(m K). But before water saturation, the effec-
ive conductivity of the outer gap is assumed to be lower, only
.28 W/(m K). The thermal properties of the rock and buffer mate-
ials are used in analyses and summarized in Table 2 (Zhao et al.,
009; Kunz et al., 2013; Zhao, 2013).
. Thermal analysis of the single vitriﬁed HLW canister
.1. Governing equations
Thermal conduction analysis concerning canister optimization
nd layout studies of the deep repository have been performed
y numerical calculation using computing code ANSYS which was
hosen because of its high pre- and post-processing capability, a
eature important in studies involving a great deal of variations
nd sensitivity analysis.
The thermal governing equation is
cv
∂T
∂t
= ∇2T + ˚
∇2T = ∂
2T
∂x2
+ ∂
2T
∂y2
+ ∂
2T
∂z2
⎫⎪⎬
⎪⎭
(2)
here cv = c is the volumetric heat capacity of the material,  is
he heat conductivity of the material, T is the temperature of a unit
olume center, t is the time, and  ˚ is the decay heat generation.
o make two-dimensional (2D) analysis possible, an axisymmet-
ic model was formed around an individual canister in a vertical
orehole. The effect of the tunnel was  not considered in analysis.
q. (2) was  formulated for 2D axisymmetric analysis. Fully implicit
cheme was applied to make it possible to use longer time steps.
he numerical modeling supposes the heat ﬂux through the air gap
y conductivity in the gap and radiation on the gap surface, and the
onvection was neglected for the gap because of its minor effect.
nterfaces between different materials were handled by applying
he heat ﬂux continuity equation (Eq. (3)) over the interfaces. The
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Table 2
Thermal properties used in analyses.
Canister conductivity
(W/(m K))
Bentonite (buffer)
conductivity (W/(m K))
Rock conductivity at
60 ◦C (W/(m K))
Tunnel (backﬁll)
conductivity (W/(m K))
Canister volumetric
heat capacity
(MJ/(m3/K))
51.6 1.1 2.64 1.6 3.69
Buffer volumetric heat
capacity (MJ/(m3/K))
Rock volumetric
capacity (MJ/(m3/K))
Tunnel (backﬁll)
capacity (MJ/(m3/K))
10 mm gap between
canister and bentonite
(air-ﬁlled) (W/(m K))
40 mm gap between
bentonite and host rock
(air-ﬁlled/water-ﬁlled)
(W/(m K))
0.094 0.62/0.28
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alculations were made assuming that each material is homoge-
eous.
can
∂T
∂t
∣∣
canister-surface = air
T0 − T0b
ıair
+ εtot(T04 − T40b)
air
T0 − T0b
ıair
+ εtot(T04 − T40b) = ben
∂T
∂r
∣∣
bentonite-surface
⎫⎪⎪⎬
⎪⎪⎭
(3)
here can, air and ben are the conductivity values of the can-
ster (low carbon–steel), air and bentonite, respectively. Eq. (3) is
ffective if the air gap width in comparison with the thickness of
he bentonite is small. The numerical calculations were performed
teratively for the whole simulation duration.
.2. Boundary temperature conditions
To handle the temperatures on the model boundaries, two
lternatives can be taken into account. The edges very far from the
anister can be chosen to avoid heat pulse reﬂection from the edge.
his makes the model larger. The other possibility is to calculate the
emperatures on the boundaries from the analytical solution. The
atter was applied throughout the numerical analysis.
.3. Analysis of single vitriﬁed HLW canister
The temperature on the canister surface is very signiﬁcant in
he analysis. First of all, the temperature of host rock, rock surface
f tunnel and different interfaces of EBS, was calculated by use of
nalytical method. Secondly, the thermal conductivity properties
f single canister system were calculated by numerical method.
he gaps around the canister were considered in the two analysis
ethods. The veriﬁcation is based on the comparison of the results
btained above. The line source model was corrected in the analyti-
al method, and the maximum surface temperature from numerical
alculation was adopted to verify the accuracy of the analytical line
eat source model.
Fig. 4 shows the geometry of the model area for numerical anal-
sis. Table 3 presents additional parameters for numerical analysis
nd for the line heat source model. The gap between bentonite and
ost rock is ﬁlled with water in vertical disposal model. Since the
onductivity of water is lower than that of the rock, the maximum
alue of 40 mm for the width of the water gap was chosen. The
est was geometrically identical to an actual HLW canister and EBS
odel.
The decay power of vitriﬁed HLW was presented by a ﬁtting
unction as described in Fig. 3. The decay heat (559 W)  of a single vit-
iﬁed HLW canister at disposal is reached after 30 years pre-cooling
hen the 40 MWd/(kgU) burn-up spent fuel has been reprocessed.
he initial temperature (19 ◦C) of canister is not an essential param-
ter, since it reaches the stationary temperature during only several
ays.
t
F
r
centonite yellow, outer water gap blue, backﬁll light yellow and rock sky blue)
nd  (b) example of temperature distribution after 1.125 years when the maximum
emperature of 64.965 ◦C (numerical analysis) is encountered.
Fig. 4 illustrates the grid and material types and temperature
istribution after 1.125 years. In the model there are 28,960 ﬁnite
lements. The canister was  assumed to be homogeneous with
niform power generation over its volume, and the contents of
anister was not modeled, since the low carbon–steel has a very
igh thermal conductivity (51.6 W/(m K)) causing nearly uniform
emperature distribution on the external surface of the canister.
ig. 4b shows that the temperature distribution pattern is symmet-
ical with the horizontal plane passing through the middle of the
anister. Thus different heights of the buffer above and below the
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Table  3
Initial data for the line source analysis (vitriﬁed HLW).
Decay heat when
disposed (W)
Initial rock
temperature (◦C)
Canister initial
temperature (◦C)
Canister height
(m)
Canister radius
(m)
Disposal hole
radius (m)
559 19 19 1.81 0.41 0.96
Rock conductivity
(W/(m K))
Rock volumetric heat
capacity (MJ/(m3/K))
Bentonite conductivity
(W/(m K))
Width of air gap on
canister surface
Width of outer
water gap (mm)
Total emissivity over
internal air gap
2.64 2.12 1.1 10 40 0.67
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Fig. 7. Radial temperature proﬁle at the middle height of the canister after 1.125
y
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tig. 5. Heat ﬂux distribution along canister external surface between center of lower
nd upper lids after 1.125 and 10 years.
anister and different conductivities of the tunnel backﬁll material
how a minor effect. The line heat source model may  thus estimate
uccessfully the temperature in the middle height of the canister,
here the maximum temperature is encountered.
Fig. 5 shows heat ﬂux distributions after 1.125 and 10 years.
he maximum heat ﬂux is reached, 352.59 W/m2 and 285.22 W/m2
espectively, at the corners of the canister since the space angle to
he bentonite direction is largest. The temperature deviation is the
ighest in outwards direction, which can be also seen from Fig. 4b.
hermal ﬂux ϕ0 at the middle height of the canister is about 79% of
he average heat ﬂux ϕmean on the canister surface.
Fig. 6 shows temperature history of different parts on sin-
le canister surface, and the maximum temperature happens
t the middle height of the canister. Fig. 7 shows a detailed
emperature proﬁle in radial direction at the middle height
f the canister after 1.125 years. The maximum tempera-
ure Trock + Twater + Tben + Tairgap = T0 is formed from different
arts: 32.37 ◦C + 2.0 ◦C + 22.3 ◦C + 8.2 ◦C = 64.965 ◦C. In case of sev-
ral canisters the shape of the near-ﬁeld temperature proﬁle in
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Fig. 6. Temperature history of different parts on single canister surface.
s
t
ϕ
F
sears, when the maximum temperature of 64.965 ◦C (numerical analysis) is encoun-
ered. k = ϕ0/ϕmean = 1.
ig. 6 remains practically unchanged. It is only elevated to higher
evel of about 5–20 ◦C depending on the spacing between canister
nd tunnel and disposing rate.
Fig. 8 indicates that the analytical and numerical solutions give
ccurately the same temperature histories (Trock) on the rock wall.
his proves that for the analytical solution using effective canister
eight, only rock material and several canisters can be superposed
ven if they were very close to each other. In practice, the dis-
ance between canisters is more than several meters. The analytical
olution (k = ϕ0/ϕmean = 1) gives a higher temperature (7.9 ◦C) than
he numerical solution on the canister surface. The analytical solu-
ion is corrected to give equal canister temperature history to
he numerical solution (Fig. 9), when a value of k = 0.79 is cho-
en. According to numerical analysis (Fig. 5), the heat ﬂux ϕ0at
he middle height of the canister is 79% of the average heat ﬂux
mean corresponding to a value of k = 0.79. The value of k = 0.79 is
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Table 4
Estimated temperature difference of gaps.
Gaps Width (mm)  Effective conductivity
(W/(m K))
Temperature difference (◦C)
Initial decay power 559.7 W Initial decay power 350.7 W
Canister/bentonite 10 0.094 
Bentonite/host rock (air-ﬁlled) 40 0.28 
Bentonite/host rock (water-ﬁlled) 40 0.63 
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Ziddle of the canister after 1.125 years, when the maximum temperature of
4.965 ◦C is encountered. k = 0.79.
sed in the following analytical analysis to obtain correct canister
emperature.
The temperature distribution and evolution around single HLW
anister had similar characteristics when the gap between rock and
uffer was ﬁlled with air in comparison with water ﬁlling. The max-
mum temperature 66.75 ◦C was reached at the middle height of
he canister surface after 0.796 year when the outer gap was  ﬁlled
ith air. The analytical solution was corrected to give equal canis-
er temperature history to the numerical solution, when a value of
 = 0.79 was chosen.
.4. Estimate of temperature difference of gaps around canister
The effective conductivities of gaps have been translated into
pproximate maximum temperature offset, assuming that the ini-
ial disposal decay heat was 559.7 W and 350.7 W,  respectively,
hen the vitriﬁed HLW had been cooled down for 30 years and
0 years. The estimate regarded the conditions about 5 years after
eposition, i.e. when the power has decreased by about 12% of the
nitial heat of the HLW canister. Table 4 shows the temperature dif-
erence at 5 years after the disposal of vitriﬁed HLW in the borehole.
he heat emissivity from the canister, bentonite and host rock sur-
ace was estimated at ε = 0.8 (Zhao et al., 2009) by using the effective
onductivity values of different gaps given above.
The study shows that the most important and sensitive inﬂu-
nce factor on temperature difference between gaps is the canister
nitial decay heat. The higher the initial decay heat is, the larger the
aps temperature difference is. The temperature offset between
anister and bentonite is less than 10 ◦C, and the higher the inner
ap is, the larger the temperature offset between the canister and
entonite is. When the gap between the bentonite and the host
Z7.28 4.61
4.31 2.73
1.92 1.52
ock is ﬁlled with water, the gap’s temperature offsets is small, but
t will be 1–3 ◦C higher when the gap is ﬁlled with air.
. Conclusions
1) The factors that affect the maximum temperature on the canis-
ter surface include the initial power of the canister, the material
thermal properties of the EBS, the gaps around the canister in
the EBS, the initial ground temperature and thermal properties
of the host rock, and the repository layout, etc.
2) The most important and sensitive parameter is the initial dis-
posal power of the canister.
3) The two  key factors that affect the maximum temperature on
the canister surface are the material parameter’s uncertainty
and nature variability of the host rock and the EBS, and the
gaps around the canister in the EBS.
4) The temperature offset between the canister and bentonite is
not more than 10 ◦C, and the bigger the inner gap is, the larger
the temperature offset between the canister and bentonite is.
When the gap between the bentonite and the host rock is ﬁlled
with water, the gap’s temperature offset is small, but it will be
1–3 ◦C higher when the gaps is ﬁlled with air.
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